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Background and purpose: Neural mobilization techniques are used clinically to treat neuropathic pain and
dysfunction. While selected studies report efficacy of these techniques, the mechanisms of benefit are
speculative. The purpose of this study was to evaluate the effects of in vitro simulated stretch/relax neural
mobilization cycles on fluid dispersion within sections of unembalmed cadaveric peripheral nerve tissue.
Methods: Bilateral sciatic nerve sections were harvested from six cadavers. Matched pairs of nerve
sections were secured in a tissue tester and injected with a plasma/Toluidine Blue dye solution. Once the
initial dye spread stabilized, the experimental nerve sections underwent 25 stretch/relaxation cycles (e.g.
simulated neural mobilization) produced by a mechanical tissue tester. Post-test dye spread measure-
ments were compared to pre-test measurements as well as control findings (no simulated mobilization).
Data were analyzed using paired t-tests.
Results: Individual dye spread measurements were reliable [ICC(3,1)50.99]. The post-test intraneural fluid
movement (dye spread) in the experimental section increased significantly with simulated neural
mobilization compared to pre-test measurements (3.2¡2.1 mm; P50.015) and control measurements
(3.3¡2.7 mm; P50.013).
Conclusion: Repetitive simulated neural mobilization, incorporating stretch/relax cycles, of excised
cadaveric peripheral nerve tissue produced an increase in intraneural fluid dispersion. Neural mobilization
may alter nerve tissue environment, promoting improved function and nerve health, by dispersing tissue
fluid and diminishing intraneural swelling and/or pressure.
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This article is the first in a two-part series and the second part will feature in the next Issue of the Journal

Introduction
Peripheral nerve disorders, such as entrapment and

compression syndromes, can result in changes to

nerve tissue including decreased mobility,1–4 increased

mechanosensitivity,3,5 reduced nerve conduction,6–8

nerve ischemia,9,10 inhibition of axonal transport,11–17

and intraneural edema.10,15,18,19 Clinicians incorporate

neural mobilization techniques to both assess and treat

peripheral nerve impairments and related neuropathic

pain.20–28

Nerve injury commonly leads to intraneural

edema18,19,29,30 and can dramatically affect nerve

structure and function.18,31 Peripheral nerve tissue

trauma, leading to edema, can be caused by

compression,6,15,18,19,32 excessive tension,10,16,33 or

vibration.17,18 Epineurial edema may be caused from

relatively mild injury, whereas long standing com-

pression may lead to endoneurial edema as a result of

changes in the diffusion barriers of the perineurium

and microvasculature.19 Without lymphatic vessels,

the endoneurium is unable to drain this fluid

accumulation,34 which leads to fibrosis, adhesions,

and impaired intrafascicular gliding.10,31,34,35 Fibrosis

may subsequently result in an intraneural thicken-

ing,36 as well as nerve enlargement and extraneural

compression from adjacent structures.37,38 Even in

the absence of severe axonal damage and significant

morphological changes, somatosensory changes and
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nerve sheath inflammation may ensue, leading to

neuropathic pain.39

Neural mobilization techniques are clinically imp-

lemented in order to diminish pain21–23,40,41 and

restore neural mobility.42 Even though studies sug-

gest improvement in patient symptoms as a result

of these techniques,23–25,40,43,44 the mechanisms for

symptom improvement are not clear. Similarly, while

mobility studies for peripheral nerve tissue cite

significant displacement during limb movement,25

other studies have challenged the idea that lower

extremity movements produce substantial displace-

ment proximally in the lumbosacral nerve roots when

the foraminal ligaments remain intact.45,46 The

observed clinical benefits40,42 of neural mobilization,

therefore, could be due to factors other than

lumbosacral nerve root displacement. These other

factors might include changes in fluid dynamics, such

as decreased intraneural edema40 and alterations in

blood flow. Currently, however, there is a paucity of

research evaluating the effects of neural mobilization

on fluid movement in peripheral nerve tissue. It is

unknown whether or not mechanical action, as in

neural mobilization resulting in mild cyclic nerve

strain, can create a passive mechanism for intraneural

fluid movement and, if so, how much fluid movement

occurs. Therefore, the purpose of the study was to

investigate the effects of neural mobilization on

intraneural fluid movement within peripheral nerve

tissue in a controlled in vitro environment. It was

hypothesized that neural mobilization would cause

greater fluid movement in peripheral nerve sections

compared to those peripheral nerve sections not

undergoing neural mobilization.

Methods
Experimental design
A pre-test–post-test control group design using an in

vitro cadaveric tissue model was used to examine the

movement behavior (longitudinal spread or disper-

sion) of fluid injected into excised sciatic nerve

sections pre- and post-neural mobilization and com-

pared within-subject matched pair control nerve

sections.

Dissection and specimens
Six right/left matched pair sections of sciatic nerves

from unembalmed cadavers (three female and three

male) were harvested and used in this study. The

cadaver demographic information for the specimens

has been previously reported.47 Cadavers were placed

in a prone position and the skin, subcutaneous tissue,

and fascia were reflected from the posterior thigh and

muscles were moved or reflected to expose the sciatic

nerve from the region spanning the piriformis muscle

to the popliteal fossa. A 15-cm section of sciatic nerve

was harvested and labeled as ‘right’ or ‘left’ within

each matched pair (right and left sample of one

cadaver). By random selection within each matched

pair of nerve sections, one section (right or left limb)

was designated as the control specimen and the other

as the experimental specimen. Once harvested, sciatic

nerve sections were frozen (280uC) and stored until

thawing before data collection. Because the focus was

on the mechanical and not histological effects of

mobilization on tissue fluid behavior, the histological

state of autolysis was not examined. All cadaveric

specimens were handled in accordance with State and

university regulations.

Experimental set-up and testing
The frozen sciatic nerve sections were allowed to

thaw until they reached room temperature (21.7uC).

The excised sciatic nerve was secured in a biomater-

ials testing system (Insight Electromechanical Testing

Systems, 10 kN Load Capacity Model; MTS Systems

Corporation, Eden Prairie, MN, USA). The proximal

and distal ends of the nerve section were wrapped

with strips of durable paper towel to prevent slipping

within the material tester clamps (advantage screw

grips; MTS Systems Corporation). The proximal

portion of the section was first clamped from above.

Gravity was allowed to pretension the nerve section

before the bottom clamp was tightened around the

distal portion of the nerve section. The dimensions

(initial length, width, and thickness) of the nerve

section were recorded. These values were entered into

the material tester in order to calculate the degree of

elongation that would lead to the desired strain. The

materials tester was set to provide repetitive stretch/

relax cycles to the nerve segment at 6% strain. These

stretch/relax cycles were designed to simulate clini-

cally oriented neural mobilization strategies. While

the authors understand that this in vitro method

cannot be generalized to the in vivo condition, the

term ‘neural mobilization’ will be used through the

remainder of the manuscript to describe this simu-

lated intervention. Additionally, from a clinical pers-

pective, an absolute strain of 6% would not be

expected to restrict blood flow or impair nerve fiber

conduction since it is within the normal stress

tolerance of the tissue.48 A dye mixture composed

of human plasma and toluidine blue stock solution

(2 : 1-Plasma: 1% toluidine blue stock solution,

0.5 cc)49 was injected to simulate nerve edema/swel-

ling. Human plasma was used in order to most closely

mimic in vivo fluid dynamics. The toluidine blue was

used for its gross visual properties. The dye solution

was injected into the center of the proximal third of the

sciatic nerve section just under the epineurium using

steady pressure via a syringe (1 cc) and a 0.45623 mm

needle. The initial injection bolus created a long-

itudinal dye spread that was manually measured using
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a digital caliper (Digimax 60 precision digital caliper;

Wiha Tools.com LLC; Willi Hahn Corp., Monticello,

MN, USA). Measurements were taken from the most

distinct proximal and distal longitudinal borders of the

dye spread (Fig. 1). Non-distinct borders were avoided

during the measurements. Although these non-distinct

borders could have indicated spread of the fluid into

the deeper parts of the nerve section (radial dimension

dye spread), the investigators remained conservative

in the measurement of clear, distinct borders of the

longitudinal dye spread to reduce subjectivity and

potential bias. The investigator responsible for the

measurements was the same throughout the data

collection process and the reliability of measurements

was confirmed before the experimental testing. Addi-

tionally, the investigator was blinded to the measure-

ment results.

Pre-test measurements
After initial injection, dye spread was measured in

five minute intervals until fluid motion, as indicated

by the dye spread, stabilized. In order to maximize

measurement reliability, three separate dye spread

measurements were performed during each measure-

ment period and the values were averaged. Dye

spread was considered stable when two, successive, 5-

minute interval averaged measurements, were within

0.5 mm of one another. Once the dye spread stabi-

lized, the neural mobilizations (stretch/relax cycles)

were initiated by the tester.

Intervention and post-test measurements in the
experimental nerve sections
The materials tester was set to provide 25 mobiliza-

tion (stretch/relax) cycles to 6% strain at a strain rate

of 1 mm/s. Completion of 25 mobilization cycles

required approximately five minutes; therefore, the

rate of mobilization was approximately five cycles per

minute. At the end of the 25 mobilization cycles, three

separate dye spread measurements were obtained and

averaged. Pilot testing was conducted incorporating

proximal and distal pins within the nerve sections to

establish that the nerve section resting length did not

change as a result of the 25 mobilization cycles. These

results confirm that the specimens were not perma-

nently deformed.

Intervention and post-test measurements in the
control nerve sections
The control nerve sections were secured in the testing

apparatus and injected with fluid as previously des-

cribed. After the initial dye spread stabilized, these

control segments were exposed to a 5-minute waiting

period without the mobilization intervention. Post-

test measurements were obtained at the end of the 5-

minute waiting period as previously described.

Statistical analysis
Intra-rater reliability of the dye-spread measurements

was calculated using the Intra-class Correlation Coe-

fficient (ICC) model 3.1. The mean, standard devia-

tion, 95% confidence intervals (95% CI), and range

(minimum and maximum values) were calculated for

the dye-spread distance for pre-test and post-test

conditions in both the control and experimental nerve

sections.

The effects of neural mobilization on longitudinal

dye spread was determined using paired t-tests, which

compared: (1) pre-test with post-test in the control

nerve sections; (2) pre-test with post-test in the

experimental nerve sections; and (3) change from

pre-test to post-test between control and experimen-

tal nerve sections. Paired t-tests were used for the

control versus experimental comparison (instead of

independent t-test) because the samples comprising

the groups were within-subject, matched pairs. Alpha

level (two-tailed) was set to 0.05. Values of effect size

(partial eta-squared) and statistical power also were

reported. Effect sizes were interpreted based on the

following criteria: small #0.01, medium50.06, and

large §0.14.50 All statistical analyses were conducted

using SPSS (v21.0).

Results
Individual dye-spread measurements were reliable

(ICC50.99, 95% CI50.99–1.0). Neural mobilization

increased fluid movement in the experimental nerve

sections but not in the control sections. In the

experimental nerve sections, fluid dispersion was

3.2¡2.1 mm greater (t53.7, P50.015, partial eta-

squared50.73, Power583%) after neural mobiliza-

tion compared with before mobilization (Table 1 and

Fig. 2). In the control nerve sections, fluid dispersion

was 0.1 mm less but not significantly different (t5

0.3; P50.758, partial eta-squared50.02, Power56%)

Figure 1 The sciatic nerve section was clamped between

the plates of the tissue tester. Dye was injected into the

center of the proximal third of the nerve, just under the

epineurium. Dye spread was measured with a digital caliper.
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after the non-mobilization waiting period compared

with before the waiting period (Table 1 and Fig. 2).

Additionally, the change in fluid dispersion from pre-

test to post-test was 3.3¡2.1 mm greater (t53.78;

P50.013, partial eta-squared50.74, Power585%) in

the experimental nerve sections compared with the

control sections (Table 1 and Fig. 2).

Discussion
Neural mobilization is a common and often effective

treatment for peripheral nerve entrapment;20–24,26–

28,51 however, mechanisms for clinical symptom

improvement are unclear. This study examined and

described the effects of neural mobilization on fluid

dynamics of peripheral nerve tissue in vitro. The

hypothesis that neural mobilization performed via a

mechanical tissue tester would lead to significant

dispersion of fluid within excised nerve tissue was

supported. There was no significant longitudinal disper-

sion of the plasma/toluidine dye solution within the

control section during the 5-minute ‘non-mobilization’

time window. Once the initial dye spread stabilized,

mechanical intervention was required to produce further

longitudinal dye spread. Significant longitudinal dye

dispersion occurred within the experimental section

during the 5-minute cyclical (stretch/relax) mobilization

time, demonstrating an intervention effect. In addition,

there was a significant difference of longitudinal dye

spread between the post-test control section condition

and the post-test experimental condition. This difference

indicates that fluid dispersion occurred within peripheral

nerve tissue as a result of neural mobilization in a

cyclical (stretch/relax) manner, and not simply due to

the force of gravity.

The use of excised cadaveric tissue created an

environment where changes in dye spread could be

attributed to the intraneural mechanical effects of

passive neural mobilization instead of active physio-

logical effects, such as blood flow, lymphatics, or

axonal transport. The dye spread created from the

effects of gravity was allowed to stabilize before the

neural mobilization was performed. The lack of dye

movement within the control sections during the

‘non-mobilization’ time period indicates that gravity

did not further affect dye spread after initial stabi-

lization had taken place.

The mechanisms that led to increased dye spread

within the experimental (neural mobilization) sec-

tions cannot be known with complete certainty, but

likely include the mechanical action and pressure

gradient changes induced by the mechanical mobili-

zation. Within this context, the physiological benefits

Figure 2 Mean dye spread measurements before (pre-test)

and after (post-test) mobilization. The post-test experimental

sections exhibited statistically significant dye spreads

compared to the pre-test experimental and post-test control

sections.

Table 1 Descriptive results

Control segment dye spread Experimental segment dye spread

Dye spread
Minimum and
maximum Mean¡SD

95% CI
lower and
upper bounds

Minimum
and
maximum Mean¡SD

95% CI
lower and
upper bounds

Initial dye
spread (mm)

14.6–53.2 29.8¡13.6 15.5–44.1 14.9–36.5 26.3¡8.0 17.9–34.7

Time to stabilize
(minute)

20.0–55.0 30.0¡13.8 15.5–44.5 10.0–25.0 18.3¡6.1 11.9–24.7

Pre-test dye
spread (mm)

14.6–67.0 43.0¡20.0 22.0–64.0 18.6–51.6 32.5¡12.3 19.6–45.4

Post-test dye
spread (mm)

14.3–66.8 42.9¡20.2 21.7–64.1 21.4–54.4 35.7¡11.9* 23.2–48.2

Dye spread length
change (pre- to post-)
(mm)

21.0–0.7 20.1¡0.6 20.7–0.5 1.2–7.4 3.2¡2.1{ 0.9–5.4

Dye spread percent
change (%)

22.4–1.1 20.1¡1.3 21.5–1.3 5.1–32.0 11.8¡10.6 0.7–22.9

Note: *Significantly (P(0.05) different from pre-test.
{Significantly (P(0.05) different from control segment.
SD: standard deviation; CI: confidence interval.
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of neural mobilization (often seen clinically) may be

related to the repetitive movement of the nerve tissue

instead of the mechanical abolition of scar tissue adh-

esions. Millesi et al.52 describe intrafascicular gliding and

transverse contraction of nerve tissue with lengthening

or stretching of nerve tissue. This transverse contraction

from repetitive elongation/relaxation loading may create

a change in intrafascicular pressure. It is possible that

this change in intrafascicular pressure leads to a ‘pum-

ping’ or ‘flushing’ of the intraneural fluid, with repeti-

tive elongation/relaxation phases. Experimentally, this

‘pumping’ resulted in a movement of fluid, as indicated

by the increased dye spread with neural mobilization.

While not measured in this study, it is possible that the

dispersal of excessive fluid (e.g. intraneural edema) as a

result of neural mobilization could alter intraneural

pressures, reducing the ‘miniature compartment syn-

drome’ effect described by Lundborg and colleagues18

and contributing to positive clinical responses.20–28,41

Increased intraneural pressures have been shown to

be detrimental.9,19 Furthermore, in response to the

use of repetitive motion, neural mobilization techni-

ques may promote a healthy nerve environment by

improving axonal transport and blood flow, and

reducing detrimental chemical and mechanical com-

ponents resulting from intraneural edema.3,14 These

positive physiological responses may, in turn, limit

demyelination,7,15,32 as well as changes in neural

elasticity, fibrosis, and overall physical structure and

function.11,29,31,32,52

Brown et al.47 reported similar results in their work

regarding the tibial nerve at the ankle. The current

study, however, incorporated a mechanical tester to

deliver a specific, consistent, and repeatable amount

of strain over a 5-minute period. The consistency of

findings between these two studies suggests that the

phenomenon of intraneural fluid movement due to

passive mobilization using tension/relaxation cycles is

physiologically possible within the normal range of

nerve strain and may be a mechanism by which

neural symptoms are alleviated clinically. If intra-

neural fluid was pumped out of the local region in

cadaveric nerve sections through this passive mechan-

ism and within a passive physiological environment,

then it is possible that the benefits in live, physiolo-

gically active tissue, may be even greater when

coupled with changes from dynamic functions, such

as blood flow, lymphatic drainage, and axoplasmic

transport.

The current study provides an in vitro method used

to evaluate intraneural fluid dynamics in cadaveric

peripheral nerve tissue. This method has also been

shown to work in situ within peripheral tissue in the

tibial nerve.47 While the passive environment of

cadaveric tissue limits the ability to generalize these

results to live patients; in vivo studies of this type are

not feasible. Other than the tibial nerve, preliminary

data suggest that a similar fluid dynamic behavior

may be noted within other nerve tissues in other

regions of the body in situ. Further studies are being

conducted to exam the fluid dynamics of other nerve

tissue such as lumbosacral roots, cervical roots, and

upper extremity nerves. Cross-sectional neural fluid

dispersion patterns were not studied in this investiga-

tion since the purpose was not to define and describe

the pathways for fluid dispersion, but instead to

determine whether fluid dispersion occurred at all in

response to neural mobilizations. Such fluid spread

patterns should be considered for future studies.

Additionally, direct measurement of intraneural pres-

sures during and after neural mobilization may pro-

vide insight about how changes in intraneural fluid

affect the pressures within peripheral neural tissue.

Limitations to this cadaveric study include the ina-

bility to directly generalize the results found in this

study as they were conducted on isolated sciatic nerve

sections, removed from the cadaver specimen and

therefore, that of a passive mechanical tissue system

without the influence of active physiological systems.

Future studies should assess the influence of normal

physiological movements on in situ cadaveric speci-

mens as well as the effects of blood flow and

lymphatics on dispersing intraneural tissue fluid and

diminishing intraneural swelling and/or pressure in

animal models.

Conclusions
Repetitive stretch/relax mobilization of excised cada-

veric peripheral (sciatic) nerve tissue sections induced

a significant increase in intraneural fluid dispersion.

This study indicates that in the in vitro state, me-

chanical input elicited from neural mobilization may

alter the nerve tissue environment. While specu-

lative at this point, this alteration of the nerve tissue

environment may assist in promoting improved nerve

health and function by dispersing intraneural swelling

and decreasing intraneural pressure. While we cannot

ascertain whether the effects of neural mobilization in a

passive (cadaveric) system can be generalized to an

active (live) physiological system, in the absence of

active neural blood flow and lymphatic systems, it

stands to reason that the results may in fact be more

substantial in an active physiological system. This study

contributes to the understanding of the possible under-

lying mechanisms of neural mobilization efficacy.
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